The activity-dependent strengthening and weakening of synaptic transmission are hypothesized to be the basis of not only memory and learning but also the refinement of neural circuits during development. Here we report that, in the developing CA1 area of the hippocampus, endocannabinoid (eCB)-mediated heterosynaptic long-term depression (LTD) of glutamatergic excitatory synaptic transmission is associated with PKA-mediated homosynaptic longterm potentiation (LTP). This form of LTD was dominant at postnatal days 2-10 (P2-P10), attenuated during development, and finally disappeared in the mature hippocampus. Heterosynaptic LTD of excitatory postsynaptic currents in the developing hippocampus was expressed presynaptically, spread to neighboring neurons, and was mediated by eCBs. Heterosynaptic LTD of field excitatory postsynaptic potentials was associated with a decrease in fiber volley amplitude with a similar time course. Depression of fiber volleys was blocked by K ؉ channel blockers, suggesting the involvement of the decrease in presynaptic excitability in heterosynaptic LTD. In the P2-P5 hippocampus, eCBs also attenuate LTP and fiber volleys in homosynaptic pathways and help to prevent too much excitability in the neonatal hippocampus where the GABAergic system is poorly developed and even excitatory. In the hippocampus older than P6 (P > 6), however, LTP is protected from eCB-mediated depression by PKA activated at presynaptic sites by high-frequency stimulation, serving to highlight PKAmediated LTP by weakening inactive synapses even in adjacent cells. Thus, eCBs and PKA make synapses plastic without changing excitability homeostasis in the developing hippocampus.
L
ong-term changes in synaptic transmission are considered to be the mechanisms that make neuronal circuits of the hippocampus and neocortex adaptive or plastic (1) (2) (3) . In the immature hippocampus, Ca 2ϩ /calmodulin-dependent protein kinase II-dependent long-term potentiation (LTP) is absent, but instead LTP of glutamatergic synaptic transmission is mediated by PKA (4) . Because GABAergic synapses are poorly developed and even excitatory (5) in the developing brain, LTP of excitatory synaptic transmission might induce hyperexcitability and even damage to the immature hippocampus.
Are there any mechanisms that can inhibit excitability in the immature hippocampus? LTP in some synapses is associated with heterosynaptic long-term depression (LTD) in their neighboring synapses in the hippocampus (6) . Thus, we hypothesized that, instead of inhibitory synapses, heterosynaptic LTD spreading to nearby synapses serves to decrease excitability in the developing hippocampus.
First, we posed the following question: What molecules mediate such heterosynaptic LTD? Among many retrograde messengers, endocannabinoids (eCBs) have inhibitory actions (7) (8) (9) . In inhibitory synapses, where type 1 cannabinoid receptors (CB1Rs) are prominent at presynaptic terminals, eCBs are involved in LTD (10) (11) (12) . CB1Rs also operate in excitatory presynaptic terminals in the hippocampus (13) (14) (15) (16) and mediate LTD of excitatory transmission in the striatum (17, 18) , nucleus accumbens (19) , and neocortex (20) (21) (22) . Furthermore, cannabinoid receptor (CBR) agonists inhibit excitatory synaptic transmission more effectively in neonatal hippocampal slices than in mature hippocampal slices (23) .
Then we posed the questions of whether eCBs are involved in heterosynaptic LTD in the developing hippocampus and, if so, through what mechanisms. We found that, in the immature hippocampus, eCBs play a crucial role in the induction of heterosynaptic LTD. Surprisingly, heterosynaptic LTD of field excitatory postsynaptic potentials (fEPSPs) was associated with a decrease in fiber volley amplitude, and both heterosynaptic LTD and depression of fiber volley were blocked by K ϩ channel inhibitors, suggesting that a decrease in excitability of presynaptic fibers is involved in heterosynaptic LTD in the developing hippocampus. In the postnatal days 2-5 (P2-P5) slices, LTP in homosynaptic pathways was also attenuated by eCBs, but in P Ͼ 6 slices LTP was protected from eCBs through PKA that was activated by high-frequency stimulation at presynaptic sites. Thus, eCBs negatively regulate excitability of both active and inactive presynaptic fibers just after birth in the hippocampus where GABAergic synapses are excitatory. Later during development, eCBs function in only inactive fibers and consequently start serving to highlight activated synapses.
Results
Heterosynaptic LTD Is Associated with LTP in Developing Hippocampus. To examine the change in excitatory synaptic transmission in heterosynaptic pathways when homosynaptic LTP is induced, two independent Schaffer collateral pathways were alternately stimulated, and fEPSPs were recorded in the stratum radiatum in the CA1 region of developing hippocampal slices in the presence of a GABA A receptor blocker, picrotoxin (100 M). Tetanic stimulation (trains of 20 pulses at 100 Hz, repeated five times at 20-s intervals) applied to one of the pathways elicited LTP of fEPSPs in hippocampal slices obtained from P7-P10 rats (142.7 Ϯ 4.8% of baseline 60 min after tetanus, n ϭ 24) (Fig. 1A) . In heterosynaptic pathways, slowly growing LTD was induced (71.6 Ϯ 2.5%, n ϭ 24) (Fig. 1B) . To examine whether there are developmental changes in the magnitude of heterosynaptic LTD, we plotted it versus the age of the animals (Fig. 1C) . Similar to that of the previously reported LTD induced by paired-pulse stimulation (24) , the largest magnitude of heterosynaptic LTD was induced at P2-P10; it decreases at P28, and no depression was observed in most of the mature slices at P42. There is a significant age-related decrease in the magnitude of heterosynaptic LTD (r ϭ 0.73, n ϭ 57; P Ͻ 0.0001, correlation analysis with Statview).
To analyze the location of the expression of heterosynaptic LTD, we also carried out whole-cell voltage-clamp recordings from neurons in the CA1 region of P7-P9 hippocampal slices by using the two-pathway stimulation protocol. LTP of excitatory postsynaptic currents (EPSCs) was elicited by the same tetanic stimulation used in fEPSP recordings, except that postsynaptic cells were depolarized to 15 Ϫ 0 mV for 300 ms during the stimulation of 20 pulses at 100 Hz. In the voltage-clamp experiments, heterosynaptic LTD of EPSCs was also induced (60 min after pairing 59.1 Ϯ 4.6% of baseline, n ϭ 41) (Fig. 1E ) simultaneously with LTP (155.4 Ϯ 11.8%) (Fig. 1D ). Short-term potentiation (STP) that preceded heterosynaptic LTD was induced by strong depolarization during the pairing stimulation, because the same depolarization pulses without afferent stimulation still induced STP (138.0 Ϯ 14.4% immediately after depolarization, n ϭ 4; data not shown). To determine whether the expression of heterosynaptic LTD is pre-or postsynaptic, we analyzed the coefficient of variation (CV) of synaptic responses before and after pairing stimulation in 36 of 41 neurons in which heterosynaptic LTD was induced (21) . Suppose that each synapse has a release probability of p with a quantal size of q and that the number of activated synapses is N, then the amplitude of evoked EPSCs is Npq, and CV Ϫ2 is equal to Np/(1 Ϫ p). If there is a decrease in p, the CV Ϫ2 plot must be below the diagonal line and is not affected by postsynaptic changes in q. All of the 36 points thus plotted are on or below the diagonal line (Fig. 1F) , suggesting that there is a decrease in the release probability at presynaptic sites with heterosynaptic LTD. Furthermore, we found that a significant increase in paired-pulse ratio (PPR) was associated with heterosynaptic LTD (132.9 Ϯ 8.5%, n ϭ 8; P Ͻ 0.01) [supporting information (SI) Fig. 5 ], confirming that the decrease in the degree of synaptic transmission at presynaptic sites is involved in heterosynaptic LTD.
Heterosynaptic LTD Spreads to Neighboring Neurons. Because a presynaptic change has been suggested in heterosynaptic LTD in the immature hippocampus, we were interested in the involvement of retrograde messengers. To examine whether LTD spreads to nearby neurons, we performed dual whole-cell recording using the two-pathway stimulation protocol (see SI Fig.  6C ). We induced LTP in only one pathway in one neuron using a pairing protocol (see SI Methods) and examined whether LTD is also induced in inputs to the other neuron that is continuously held at Ϫ70 mV.
We recorded ESPCs from six pairs of adjacent neurons (the distance between the centers of the cells was within Ϸ50 m; see SI Fig. 6A ) and six other pairs of distant neurons (the distance was Ͼ200 m) from P7-P10 slices. None of these neuron pairs had connections (data not shown). LTP was induced in stimulated synapses (50 min after pairing, 163.9 Ϯ 20.9%, n ϭ 12; data not shown), and heterosynaptic LTD was observed in nonstimulated synapses (66.9 Ϯ 5.7%, n ϭ 12; data not shown) of the activated cells. In adjacent, nonactivated neurons, LTD was also elicited (56.7 Ϯ 9.4%, n ϭ 6 paths in six close cells) (SI Fig. 6 B and E). In distant cells, on the other hand, no LTD was observed (SI Fig. 6D ), and the difference from adjacent cells was significant (100.0 Ϯ 6.4%, n ϭ 6 paths in six cells; P Ͻ 0.01) (SI Fig.  6E ). Thus, LTD was also observed in adjacent, nonactivated cells but not in distant neurons when heterosynaptic LTD was induced in activated cells, suggesting the involvement of closely spreading retrograde signaling in heterosynaptic LTD. To examine the role of CBRs in heterosynaptic LTD in the developing hippocampus, we tested the effects of a CBR antagonist, AM251, on heterosynaptic LTD of fEPSPs in P2-P9 slices. AM251 (4 M) clearly reduced the magnitude of heterosynaptic LTD (control, 70.6 Ϯ 2.6% 60 min after tetanus, n ϭ 31; AM251, 87.5 Ϯ 2.4%, n ϭ 27; P Ͻ 0.00005) (Fig. 2A1) . In homosynaptic pathways in P2-P5 control slices, potentiation of fEPSPs did not last for a long time, but interestingly AM251 unmasked LTP (control, 92.6 Ϯ 9.5%, n ϭ 12; AM251, 122.9 Ϯ 4.9%, n ϭ 10; P Ͻ 0.05) (Fig. 2 A2 Upper) . In P7-P9 slices, however, LTP was maintained without depression in control condition and AM251 did not affect LTP (control, 142.4 Ϯ 5.6%, n ϭ 19; AM251, 139.0 Ϯ 5.7%, n ϭ 17) ( Fig. 2 A2 Lower) , suggesting that some mechanisms that protect LTP from eCBs begin working in the hippocampus during development (see below). The component of heterosynaptic LTD resistant to AM251 could be mediated by protein phosphatases, which was reported to induce heterosynaptic LTD in the more mature hippocampus (6) . A protein phosphatase inhibitor, calyculin A (1 M), partially reduced heterosynaptic LTD, and additional application of AM251 completely blocked the rest of it in P7-P10 slices (for detail, see SI Fig. 7A ). Next we tested the contribution of CBRs to heterosynaptic LTD of EPSCs induced by the pairing protocol. AM251 (5 M) completely blocked heterosynaptic LTD of EPSCs in the P7-P11 hippocampus (control, 60.4 Ϯ 9.1% 70 min after pairing, n ϭ 11; AM251, 100.1 Ϯ 11.3%, n ϭ 12; P Ͻ 0.05) (Fig. 2B ). This blocking effect is not attributed to the new induction of potentiation in heterosynaptic pathways in the presence of AM251, because STP ended Ϸ40 min after pairing and the amplitude of EPSCs returned back to baseline and became stable after STP (Fig. 2B) . Unlike in the case of the We also examined whether the activation of CBRs is also necessary for the maintenance of heterosynaptic LTD in the developing hippocampus. When AM251 was applied 20 min after tetanus, heterosynaptic LTD of fEPSPs was not affected (control, 78.6 Ϯ 2.2%, n ϭ 13; AM251, 79.6 Ϯ 4.2%, n ϭ 12; data not shown), suggesting that CBRs are not necessary for its maintenance.
Unexpectedly, we found that heterosynaptic LTD of synaptic transmission in the immature hippocampus is associated with a decrease in the amplitude of fiber volleys with a time course and a magnitude similar to those of the AM251-sensitive component of LTD of fEPSP (Fig. 2C1) . Depression of fiber volleys associated with heterosynaptic LTD was completely blocked by AM251 (control, 79.5 Ϯ 3.3%, n ϭ 31; AM251, 101.6 Ϯ 1.7%, n ϭ 27; P Ͻ 0.000005) (Fig. 2C1 ) in P2-P9 slices. In homosynaptic pathways depression of fiber volleys was also observed with LTP of fEPSPs in P2-P5 slices and blocked by AM251 (control, 66.4 Ϯ 6.9%, n ϭ 12; AM251, 100.6 Ϯ 3.3%, n ϭ 10; P Ͻ 0.001) (Fig. 2C2 Upper) . In P7-P9 hippocampus, however, fiber volleys in homosynaptic pathways were no longer depressed (control, 99.0 Ϯ 4.3%, n ϭ 19; AM251, 96.2 Ϯ 4.5%, n ϭ 17) (Fig. 2C2  Lower) . Thus, eCBs reduce excitability of presynaptic fibers and depress transmission in active and inactive synapses in P2-P5 hippocampus, and some mechanisms begin protecting LTP from eCBs in active synapses in P Ͼ 6 hippocampus.
eCBs are released through the activation of metabotropic glutamate receptors (mGluRs) as well as through an increase in postsynaptic Ca 2ϩ (25) . Furthermore, group I mGluRs play a crucial role in the induction of heterosynaptic LTD of GABAergic synapses (10) . Therefore, we examined the involvement of group I mGluRs in heterosynaptic LTD of excitatory synaptic transmission. LY367385 (100 M) and MPEP (4 M), which are selective antagonists of mGluR1 and mGluR5, respectively, suppressed the induction of heterosynaptic LTD in P8-P12 slices (control, 52.4 Ϯ 6.7%, n ϭ 9; LY367385 plus MPEP, 106.4 Ϯ 11.8%, n ϭ 9; P Ͻ 0.005) (Fig. 2D) . On the other hand, intracellular loading of a Ca 2ϩ chelator, BAPTA (20 mM), did not block heterosynaptic LTD (60.0 Ϯ 18.2% 30 min after pairing, n ϭ 3; data not shown). D-APV (50 M), an NMDA receptor (NMDAR) antagonist, inhibited LTP (control, 139.2 Ϯ 8.1%, n ϭ 12; APV, 90.3 Ϯ 2.7%, n ϭ 8; P Ͻ 0.0005; data not shown) but did not block heterosynaptic LTD of fEPSPs (control, 80.4 Ϯ 4.2%; APV, 83.9 Ϯ 4.4%; data not shown). Thus, in the developing hippocampus, LTP is NMDAR-dependent and heterosynaptic LTD is mediated by group I mGluRs, indicating that these are induced independently.
Next we examined whether WIN 55,212-2 (WIN), a CBR agonist, depresses excitatory synaptic transmission and occludes heterosynaptic LTD. We found that slowly growing depression of fEPSPs (67.1 Ϯ 4.1% 60 min after WIN, n ϭ 12 paths in 12 slices) (SI Fig. 8A Lower) and fiber volleys (74.1 Ϯ 5.2%) (SI Fig.  8B ) was induced by a low concentration of WIN (500 nM for 5 min) in P7-P11 slices and was significantly blocked by 5 M AM251 (fEPSPs, 100.7 Ϯ 5.2%, n ϭ 4 paths in four slices; P Ͻ 0.005; fiber volleys, 103.2 Ϯ 2.9%; P Ͻ 0.001). After synaptic depression by WIN became stable, LTP was induced by tetanus (control, 139.2 Ϯ 6.7%, n ϭ 11; WIN, 140.5 Ϯ 6.5%, n ϭ 12) (SI Fig. 8A Upper) , and much smaller LTD was observed in heterosynaptic pathways (control, 72.9 Ϯ 3.0%; WIN, 91.6 Ϯ 4.5%; P Ͻ 0.005) (SI Fig. 8A Lower) . Also, no depression of fiber volleys was induced by tetanus after WIN in heterosynaptic pathways (control, 76.7 Ϯ 3.1%; WIN, 101.8 Ϯ 6.7%; P Ͻ 0.005) (SI Fig. 8B ), indicating that depression of fiber volleys associated with heterosynaptic LTD of fEPSPs was completely occluded by WIN. These results suggest that heterosynaptic LTD and its associated depression of fiber volleys in the developing hippocampus are mediated by eCBs.
Because the reduction in presynaptic excitability is assumed to contribute to heterosynaptic LTD in the immature hippocampus, and because K ϩ channels that regulate neuronal excitability operate downstream of CBRs (26-30), we examined the role of K ϩ channels in heterosynaptic LTD in the 1-week-old hippocampus. Bath application of Ba 2ϩ , a K ϩ channel blocker (300 M), almost completely blocked heterosynaptic LTD of fEPSPs (control, 76.5 Ϯ 3.7%, n ϭ 10; Ba 2ϩ , 92.4 Ϯ 4.5%, n ϭ 14; P Ͻ 0.05) (Fig. 3A) . Ba 2ϩ also blocked the depression of fiber volleys in heterosynaptic pathways (control, 80.8 Ϯ 3.7%; Ba 2ϩ , 96.8 Ϯ 3.4%; P Ͻ 0.005) (Fig. 3B) . We also examined the effects of (Fig. 3D ), indicating that presynaptic VDKCs, including I D , are involved in heterosynaptic LTD. For the effects of these K ϩ inhibitors on LTP, see SI Fig. 9 . We also confirmed that Ba 2ϩ , 4-AP, and ␣-DTX significantly inhibited WIN-induced depression of fEPSPs and fiber volleys (for details, see SI Fig. 10 ). Then we examined whether a reduction in presynaptic excitability causes change in PPR, because PPR increased after induction of heterosynaptic LTD (SI Fig. 5 ). We reduced presynaptic excitability by a low dose of TTX and found that decrease in fEPSPs and fiber volley amplitude by TTX (0.0125-0.05 M) was associated with increase in PPR of both fEPSPs and fiber volleys (for details see SI Fig. 11 ). These results suggest that, in the immature hippocampus, eCBs induce heterosynaptic LTD of excitatory transmission, at least, by reducing presynaptic excitability through activating K ϩ channels at presynaptic sites.
Presynaptic PKA Activation Protects Homosynaptic LTP Pathways from eCB-Mediated Depression in 1-Week-Old Hippocampus. In the developing hippocampus, homosynaptic LTP is associated with eCBdependent heterosynaptic LTD. LTD spreads to nearby synapses (SI Fig. 6 ), and in the P2-P5 hippocampus LTP is also affected by eCBs (Fig. 2 A2 Upper) . In the P Ͼ 6 hippocampus, however, LTP lasts for a long time and AM251 has no effect on LTP (Fig.  2 A2 Lower) , suggesting that some mechanisms begin protecting active synapses from eCBs. We hypothesized that PKA activated at presynaptic sites by tetanic stimulation plays such a role, because PKA has inhibitory actions on signaling cascades downstream of CBRs (31).
Initially we examined the effects of forskolin (FSK), an adenylate cyclase activator, on heterosynaptic LTD in P7-P8 slices. FSK (30-50 M) caused a large increase in fEPSP amplitude (194.7 Ϯ 9.2%, n ϭ 9 paths in nine slices) (Fig. 4 A) and STP of fiber volleys (95.0 Ϯ 7.3% of baseline 60 min after FSK) (Fig. 4B) . After fEPSPs and fiber volleys became stable, tetanic stimulation was applied to one pathway (gray arrows in Fig. 4 A and B) . LTP was occluded by FSK (103.5 Ϯ 4.8%, n ϭ 9; data not shown), as reported previously (4) . In heterosynaptic pathways, neither LTD of fEPSPs (96.0 Ϯ 2.6%) (Fig. 4A) nor depression of fiber volleys (101.5 Ϯ 3.7%) (Fig. 4B) was observed in the presence of FSK. The absence of depression of both fEPSPs and fiber volleys is not due to the lack of LTP in the presence of FSK, because LTP and heterosynaptic LTD are induced independently (see above). These results suggest that not only eCB-dependent heterosynaptic LTD but also eCBindependent heterosynaptic LTD was blocked by activation of the cAMP cascade. FSK (50 M) significantly blocked WIN (200 nM)-induced depression of fEPSPs (WIN, 76.4 Ϯ 5.0%, n ϭ 5 paths in five slices; FSK plus WIN, 100.3 Ϯ 2.1%, n ϭ 7 paths in seven slices; P Ͻ 0.001) (Fig. 4C ) and fiber volleys (WIN, 82.5 Ϯ 3.3%; FSK plus WIN, 100.0 Ϯ 3.2%; P Ͻ 0.01) (Fig. 4D ) in P7-P9 slices. These results indicate that activation of the cAMP cascade inhibits the CBR agonist-induced depression of excitatory synaptic transmission by suppressing signal transduction downstream of CBRs.
If PKA protects presynaptic terminals from eCB-mediated depression, PKA blockade should cause depression in homo- synaptic pathways by eCBs in P Ͼ 6 slices. We examined this possibility by testing the effects of membrane-permeable PKI, a PKA inhibitor, on LTP in P7-P8 slices. In the presence of PKI (10 M), a mild depression of fEPSPs was observed in tetanized pathways (control, 146.0 Ϯ 12.1% 60 min after tetanus, n ϭ 9; PKI, 85.3 Ϯ 7.7%, n ϭ 10; P Ͻ 0.001) (Fig. 4E) . Fiber volleys were also depressed in the presence of PKI (control, 100.8 Ϯ 3.4%; PKI, 83.2 Ϯ 3.0%; P Ͻ 0.005) (Fig. 4F) . The decrease in fEPSP and fiber volley amplitude after tetanus is not a direct effect of PKI, because we confirmed that PKI did not affect synaptic transmission (see SI Fig. 12 ). Heterosynaptic pathways were not affected by bath-applied PKI (see SI Fig. 13A ). We also tested whether PKA at postsynaptic sites is involved in heterosynaptic LTD, because activation of PKA at postsynaptic sites is involved in the release of anandamide in the amygdala (11) . Unlike in the case of amygdala, heterosynaptic LTD was still induced in the developing hippocampus even when postsynaptic cells were loaded with PKI (40 M) (see SI Fig. 13B Lower) , indicating that PKA at postsynaptic sites is not important in heterosynaptic LTD in the immature hippocampus. Thus, synaptic transmission in tetanized pathways is protected from eCB-mediated depression by PKA activation at presynaptic sites in the P Ͼ 6 hippocampus.
Discussion
The molecular mechanisms of synaptic plasticity in the mature hippocampus have been intensively studied (32, 33) , but synaptic plasticity in the immature hippocampus has not been well elucidated. In this study we demonstrated that eCB-mediated heterosynaptic LTD is associated with homosynaptic LTP in the CA1 region of the developing hippocampus. We found the following: (i) heterosynaptic LTD is predominant in the P2-P10 hippocampus and becomes less predominant during development; it is not induced in the mature hippocampus; (ii) LTD is induced not only at heterosynaptic pathways of activated neurons but also at synapses of adjacent, nonactivated neurons; (iii) CBRs are involved in the induction but not the maintenance of heterosynaptic LTD; and (iv) eCBs also affect activated presynaptic fibers in the P2-P5 hippocampus; however, later during development, presynaptic PKA begins protecting active presynaptic fibers from eCBs, and consequently active synapses remain potentiated. These findings are schematically shown in SI Fig. 14 .
Developmental Changes in Contribution of eCBs to Heterosynaptic
LTD. In hippocampal slices of 2-to 4-week-old rats, a previous study showed that protein phosphatases at postsynaptic sites mediate heterosynaptic LTD (6) . In the more immature 0-to 1-week-old hippocampus, on the other hand, we found that eCBs are also involved in this form of LTD. The present finding that eCB-mediated heterosynaptic LTD is predominant in neonatal slices but not in mature slices is consistent with the previous report that application of a low concentration of WIN (500 nM) does not depress population spikes evoked in the CA1 area of the hippocampus in young adult rats but depresses those in neonatal rats (23) . Recently, Lenkei's group (34) reported that the expression level of CB1Rs in principal neurons of the mouse hippocampus is maximal during the embryonic period and then decreases during the first postnatal week. After the first postnatal week the CB1R expression is still detectable but very weak (16) . Thus, the change in the expression level of CB1Rs in the hippocampus during the early postnatal period may explain the difference in the involvement of eCBs in heterosynaptic LTD between the developing and mature hippocampi.
Involvement of K ؉ Channels in Heterosynaptic LTD in Developing
Hippocampus. Unlike in the case of the cerebellum (35, 36) and mature hippocampus (13), we unexpectedly found that the decrease in fiber volley amplitude is associated with eCBmediated heterosynaptic LTD and WIN-induced depression of fEPSPs in the developing hippocampus. We also found that the decrease in the excitability of presynaptic fibers is caused by the activation of K ϩ channels, because K ϩ channel inhibitors significantly block heterosynaptic LTD of fEPSPs and depression of fiber volleys (Fig. 3) . Involvement of mechanisms other than activation of K ϩ channels in heterosynaptic LTD in the developing hippocampus is not completely excluded. However, the time courses and amplitudes of the AM251-sensitive component of heterosynaptic LTD of fEPSPs and its associated depression of fiber volleys are similar, suggesting that the decrease in excitability at presynaptic fibers mediates LTD of fEPSPs.
Other than activation of K ϩ channels (26) (27) (28) (29) (30) , inhibition of voltage-dependent Ca 2ϩ channels (35, 37) and release machinery at presynaptic sites (36, 38) are suggested to be involved in depression of synaptic transmission by CBRs. The mechanism that predominates in eCB-mediated depression depends on the brain region and type of transmission (i.e., inhibitory or excitatory) (39); thus, they could also depend on the age of the animals. Actually, in the mature rat hippocampus, a high concentration of WIN (5 M for 30 min) reduced synaptic transmission without depression of fiber volleys (SI Fig. 15 ), which is consistent with previous observation in mature mouse hippocampus (13) . Thus, in excitatory transmission in the developing hippocampus, the activation of K ϩ channels could be a more important factor downstream of CBRs than it is in the cerebellum and mature hippocampus.
Presynaptic PKA Activation Protects Homosynaptic Pathways from eCB-Mediated Depression in 1-Week-Old Hippocampus. CBRs inhibit adenylate cyclase and reduce PKA activity; on the other hand, PKA negatively controls signal transduction downstream of CBRs (31) . We found that a low concentration of WIN (200 nM), which otherwise depresses fEPSPs and fiber volleys in the developing hippocampus, becomes ineffective in the presence of FSK (Fig. 4 C and D) . This result suggests that cAMP activation inhibits eCB signaling cascades downstream of CBRs at presynaptic sites in the developing hippocampus. When PKI was applied, fEPSPs were then depressed even in tetanized pathways in P7-P8 slices, suggesting that PKA activated by tetanus at presynaptic sites protects active presynaptic fibers from eCBmediated depression. Such a protective action of PKA does not seem be perfect, because FSK cannot block robust depression of excitatory transmission by high concentrations (5-10 M) of WIN (28, 29) or depolarization-induced suppression of inhibition (37) . However, the magnitude of heterosynaptic LTD associated with LTP in the immature hippocampus is mild (Ϫ5% to Ϫ40% depression of baseline) and corresponds to depression caused by low concentrations (200-500 nM) of WIN. Furthermore, the PKA expression level at synapses in the forebrain increases very rapidly after birth and reaches the adult level within P15 (40) . Therefore, it is likely that PKA is available even in the immature hippocampus and that its activation at presynaptic sites by tetanus can overcome the depression caused by eCBs, consequently preserving homosynaptic LTP.
Physiological Relevance of eCB-Mediated Heterosynaptic LTD in Developing Hippocampus. GABAergic synapses, the major inhibitory system in the mature brain, are poorly developed or even excitatory (5) in the early postnatal development of the hippocampus. Thus, the GABAergic inhibitory system may not effectively operate in the neonatal hippocampus. The present results indicate that, in place of GABA, eCBs depress glutamatergic excitatory transmission in the developing hippocampus, as they also depress GABAergic excitatory transmission (41) .
Inhibition by GABAergic synapses selectively and precisely operates in target neurons in the mature brain. eCBs, on the other hand, depress excitability of wider neural areas, even reduce LTP in the P2-P5 hippocampus, and may help prevent very high excitability that otherwise might even cause pathological epilepsy in the developing brain. During development, eCBs still induce heterosynaptic LTD, but PKA at presynaptic sites begins protecting LTP from them. Consequently, potentiated synapses may be much more highlighted against adjacent, inactive synapses without increasing the net activity of neural circuits. Activity-dependent strengthening and weakening of synapses are considered to be the basis of the refinement of neural circuits during postnatal development (1) (2) (3) . It is also suggested that, during development, the efficacy of plastic synapses is weighted (i.e., potentiated or depressed) depending on their prior activity (42) . If only PKA-mediated LTP were available in the developing brain, active synapses would not be well highlighted among neighboring inactive ones so that the normal development of neural circuits might be impaired. Heterosynaptic LTD by eCBs may highlight PKA-mediated LTP by weakening neighboring inactive synapses even in other cells and help broaden the range of activity-dependent synaptic weightings. Very recently Berghuis et al. (43) reported that eCBs are chemorepulsive factors on GABAergic growth cones and that GABAergic inputs to pyramidal neurons increase in mice with conditional CB1R deletion in only GABA neurons, suggesting that eCBs eliminate unnecessary GABAergic terminals during development. We believe that the role of eCBs in the maturation of excitatory synapses should also be explored.
Materials and Methods
Electrophysiology. Hippocampal slices were prepared from P2-P56 SpragueDawley rats using a standard procedure (4). For details, see SI Methods.
Statistical Analyses. Results are reported as mean Ϯ SEM. For multiple statistical comparisons, ANOVA with Fisher's test (in Statview) was used. The rest of the statistical analyses were performed with Student's t test (in Excel) unless otherwise stated.
